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transiTunneling measurements have been performed on both sides of the insulator-superconductor
tion in quench-condensed granular Pb films. The results indicate that the Pb film consists of fully superconducting grains with essentially bulk values for the superconducting energy gap 6 and transition temperature T„even when the film exhibits insulating behavior in transport measurements. The density of
states inferred from measurements in perpendicular magnetic field are consistent with magnetic spin-flip
broadening.

Numerous experiments have been performed to investi(IS) transition in
gate the insulator-superconductor
In the case of films
quench-condensed ultrathin films. '
deposited on clean insulating substrates, an amount of
material corresponding to tens of monolayers is required
before a measurable electrical conductivity is observed,
implying that the morphology of these samples is not uniform, but granular. It is therefore generally agreed that
transition is determined by
the insulator-superconductor
the amount of coupling between individual grains or clusters of grains. On the insulating side of the transition,
the resistance of these films increases as temperature is
lowered, and below a temperature close to the bulk T, for
the material, the increase becomes faster. This result has
been interpreted using a picture where the main transport
mechanism is tunneling between the grains. At temperatures where each individual grain becomes superconducting, the change in activation due to the energy gap opening in the density of states of each grain further inhibits
transport across the barrier between grains if Josephson
' As the normal-state resistance
coupling is suppressed.
of the sample is reduced by incrementally adding material, Josephson coupling between grains improves, and the
low-temperature behavior changes from insulating to superconducting with long resistive tails. Small magnetic
fields cause large increases in resistance in this regime,
due to the field sensitivity of the phase coherence between
the grains. ~
In this paper we report on tunneling measurements
into granular Pb films in both the superconducting and
insulating regimes. Our results show that the samples
have a quasiparticle and gap structure which is indistinMost reguishable from that of a bulk superconductor.
markably, there is no appreciable change in this behavior
on the insulating side of the IS transition. This result
shows that even though the grains are apparently
sufBciently isolated to exclude Josephson tunneling and
long-range phase coherence, the individual grains act as
bulk supcrconductors, uncorrelated from grain to grain.
Measurements in perpendicular magnetic fields indicate
that no normal vortex cores are produced, and the field
penetrates more or less uniformly throughout the films
with sheet resistances above 10 Q. At high fields comparable to H, for a parallel field, the density of states shows

consistent with magnetic-field-induced
a broadening
spin-flip scattering. This result also implies that each individual grain is an independent superconductor with a
fully developed BCS energy gap.
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Fire-polished glass substrates are prepared with thin
100 A) Au contact pads and an Al base electrode. The
Al contains a small amount of Mn so that it will not superconduct, and a thermally grown oxide layer provides
the barrier for the tunnel junction. A layout of the sample
geometry is shown in the inset of Fig. 1. The substrate
with Al stripe and Au contacts is then mounted to the
mixing chamber of a He He dilution refrigerator to allow for temperature control between 80 mK and 10 K.
An evaporation source is mounted opposite the sample in
the exchange gas can. A quartz-crystal microbalance is
used to monitor the depositions. The entire assembly is
immersed in liquid He so that all measurements are performed under ultrahigh vacuum conditions.
is
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The low-temperature
granular
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FIG. 1. R&(T) for four diferent depositions. Curves (a), (b),
and (d) are from the same experimental run and therefore share
a co~mon tunnel junction. Inset: Substrate layout for
films.
measurements of quench-condensed
tunneling-transport
Au contacts and Al-Mn base electrode are deposited before
cooldown. Pb film is evaporated in situ.
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the range 10 —10 Q. This corresponds to a uniform
mass thickness of 90 —100 A of Pb. In this regime, resistance depends exponentially
on measured thickness.
However, previous studies have shown the samples to
have good macroscopic homogeneity in this apparatus.
The substrate is held at 10 K to simplify control of the
depositions. Sheet resistance versus temperature R ~( T)
is measured in addition to the tunneling current-voltage
(I-V) characteristics between the Al electrode and the
sample at various temperatures. Subsequent incremental
depositions of Pb step through the IS transition, and
similar data are taken after each deposition. Figure 1
shows representative Rz(T) data for four different depositions. More extensive studies of similar R~(T) curves
have been reported previously.
Curve (a) exhibits apparent insulating behavior (R ~ac as T —
+0); curve (b)
looks like a superconducting transition with a long resistive tail; and curve (d) is from a thicker film (400 A)
showing a sharp superconducting transition. These three
data curves are from the same experimental series and
therefore have the same tunnel junction. Only the Pb
film thickness is changing. It is interesting to note that
for curve (a), Rz(T) shows activated behavior below T,
for Pb, with an activation energy comparable to the superconducting energy gap A. For higher sheet resistances, Rz(T) is activated above T, as well, with a corresponding increase in the activation energy by 5 for
T T, . Curve (c) is from a different series and shows the
reproducibility of this experiment. Note that all of these
data are plotted as log, p(Rg) since there are measurements over nearly 12 orders of magnitude in resistance.
Figure 2 shows the tunneling I-V curves for films a, b,
and d at 2. 11 K, the lowest temperature at which tunneling into (a) is reliable for reasons to be discussed. These
curves have been normalized with their respective 8 K
(normal-state) tunneling curves. These data are clearly
(SIN) metal tunthat of superconductor-insulator-normal
remarkable
somewhat
This
result
is
given
nel junctions.
that the "superconductor" in junction (a) is, in fact, a film
whose transport measurements indicate it is an insulator.
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In order for such measurements
to be quantitatively
meaningful, it is essential to have high resistance junctions so that there is negligible voltage drop across the
width of the very high resistance granular film over the
sheet defined by the junction. Otherwise, it is not a fourterminal measurement. Typical junction resistances are
10 —10 O. The junction aspect ratio is lp This geometry allows for tunneling measurements where the film
sheet resistance is roughly an order of magnitude greater
than the junction resistance. Beyond that point the film is
no longer at an equipotential across the width of the junction, and measurements cannot be interpreted assuming
A more microscopic
the simple tunneling geometry.
statement of this criterion is that the tunnel rate of electrons onto the grain must be less than the escape rate of
the electrons ofF' the grain. Strictly speaking, there needs
to be some conductivity so that it is not a perfect insulator. Hence the measurements must be done at finite T
(e.g. , T~2. 1 K), so that there is sufficient leakage to
prevent charging eft'ects.
Figure 3 shows the I-V data on the tunnel junction for
film (a) at various temperatures.
Analysis of these data is
performed assuming the standard relationship between
the superconducting density of states, N, (E), and the tunneling current for a SIN junction,
( V), given by

I„,(V)=C„(V)f

I„,
)]dE .
f (E+V—

N, (E)[f(E)

normal-state conHere C„(V)is the voltage-dependent
is the Fermi occupation function at temductance and
perature T. In addition, we have used a more generalized DOS,

f

E —il
—
[(E ir) 2 —S2 ] 1/2

N, (E) =Re

(2)

of the usual BCS result with a broadening
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FIG. 3. I-V data for a tunnel junction
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FIG. 2. I-V data from the same tunnel junction for three
different depositions (a, b, and d from Fig. 1). Note that there is
little difference between tunneling into the superconducting
films (b and d) and the "insulating" one (a).
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6. 5K
5.9K
5. 5K
5.0K
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2. 1K

with an insulating film
Four traces {be[curve {a) in Fig. 1] at various temperatures.
tween 2. 1 and 6.5 K} have been removed for clarity. Inset:
h(T) from the fits of tunneling curves in Fig. 3. Note the remarkable agreement with the theoretica1 curve for Pb (Ref. 9)
given that the film is insulating in transport measurements.
5(0) is 1.43 meV and T, is'?. 1 K.
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term, where 5 is the superconducting energy gap and I
This type
is a phenomenological broadening parameter.
of analysis has typically been performed using conductance data. However, the very large junction and film
resistances encountered render standard ac lock-in measurements more difficult. I-V data are therefore analyzed
This program
directly using a simplex fitting algorithm.
minimizes the di8'erence between the data and the calculated curve by varying one or more parameters in the fit.
The quality of this fitting algorithm is demonstrated by
its ability to correctly calculate the temperature at which
a given I-V curve was taken while T and 6 are both allowed to vary. It is important to point out that the
normal-state conductances for all fits are found to be
identical, indicating that the changing resistance of the
film is not a factor here.
The results of this analysis for film (a) are shown in the
inset of Fig. 3 where we plot our fit results for 6 versus T.
The lower limit on T is due to the insulating nature of the
film as discussed above. As the resistance of the film is increasing exponentially with decreasing temperature, no
reliable tunneling data could be taken below this point.
The solid line is the calculated h(T) for Pb, a strongb, (0) is chosen to be the value
coupled superconductor.
of b, (1.43 mV} at the lowest temperature measured (2. 1
K}. T, is chosen to be 7. 1 K, only slightly depressed from
the bulk crystalline value of 7.2 K. Values for I in these
fits were typically about 50 peV except near T„where
the fitting becomes difBcult due to thermal smearing and
values up to 100 LMeV were found. These results strongly
support a picture in which the films consist of grains with
a well-developed superconducting order parameter before
the film exhibits long-range phase coherence.
Tunneling measurements were also made with samples
in perpendicular applied magnetic field. In a uniform
type-II film, the field would produce a vortex lattice.
Each vortex will have a normal core. Tunneling measurements can detect the presence of the normal core because the tunneling characteristic in the subgap region
will have enhanced conductivity due to normal-normal
tunneling. Knowing the applied field, a measure of the
area of normal material would allow a direct determination of the size of the vortex cores. In the granular case,
the interpretation turns out not to be as simple.
Figure 4 shows the numerical derivative (dI/dV) of
the tunneling I-V curve for a film (c) at 0.55 K in a field of
3.3 T. Rz(T) for this film in zero field is shown in Fig. 1.
Note that this film has a fairly sharp superconducting
transition. These tunneling results, however, suggest that
this sample is far from uniform. In fact, not until fields of
1 T or more is there any detectable change in the tunneling characteristics. At this temperature it is a good approximation to use Eq. (1} in the zero-temperature limit,
so that dI/dV of the junction is a reasonable measure of
the density of states of the sample. The solid line is a fit
derived from Skalski et al. ' with a magnetic spin-fiip parameter, I /50, equal to 0.07. A similar approach has
also been used to calculate the DOS for small superconducting spheres which are smaller than the clean limit
coherence length.
The parameter I /60 was found to
be equal to 1/2(H/H,
where H is the applied field and
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FIG. 4. Normalized derivative of 3.3 T I-V curve along with
the density-of-states calculation which includes magnetic spinflip scattering (solid line) (Ref. 10) and the T =0 BCS density of
states (dashed line). Inset: Plot of normalized spin-flip parameter vs magnetic 6eld. The solid line is the predicted theoretical
dependence given an H, of 8.4 T (Ref. 11).
field for the spheres. Correcting I /ho
to remove the small amount of thermal broadening by

H, is the critical

subtracting the zero-field value of 0.01, we now plot
I' /ho versus H in the inset of Fig. 4. The solid line is a
curve of I' /ho=i/2(H/H,
) for H, =8.4 T. This result is in good agreement with measured values of H, . '
The central result of these measurements is the direct
observation of the superconducting energy gap on the insulating side of the IS transition. What is perhaps surprising is the fact that the tunneling data change very little
across the transition. Values for the broadening parameter, I', are only 3 —7 % of b, for film (a) in the temperature
I is smaller for films (b) and (d)
range measured.
(0.5 —3% of 6) but this represents a small difference between curves (a) and (d) in Fig. 2 even though for curve
(d) the film is a good superconductor while for (a) it has a
sheet resistance of 50 MQ. These results are in qualitative agreement with previous studies on granular superconducting Sn films which suggested a finite value for I
which depends on R z. From this earlier work on Sn it
was expected that I' would become large (comparable to
b, ) for the insulator as the inelastic scattering rate increases, while still going to zero as T~O. Such behavior
is not observed here even though the Sn results have been
reproduced. The values for I are considerably smaller
for Pb. We are therefore continuing this investigation
over a wider parameter space of R~, T, and grain size.
Variations in grain size in the sample should produce
variations in 6, and therefore a larger I . Since Sn has
smaller grains than Pb, it would be expected that values
for I would be larger in Sn. The lack of smearing in the
Pb tunnel measurements also indicates that there are no
substantial inelastic processes occurring in tunneling
across the barrier. In terms of sample morphology, these
results suggest that the films consist of grains which are
large enough to exhibit nearly bulk properties. The small
increase in thickness required to change from "insulat-
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ing" to superconducting transport is just the amount to
cause Josephson coupling between the grains.
The high magnetic fields required to alter the tunneling
characteristics in these films is also consistent with this
picture. Since the grain or cluster size in these samples is
presumably within geometric factors of the critical thickness (-100 A), the magnetic penetration depth is considerably larger. It would therefore be expected that the applied magnetic field penetrates the grains more or less
uniformly. There will be no normal vortex cores, and
changes will be observable in the DOS due to pair breaking effects. The correct way to think of this is that the
field uniformly penetrates the superconductor and there
is no appreciable type-II behavior. The value that we ex4 T, corresponds to a flux quantum in
trapolate for
an area of 2. 4X10 ' cm . This size scale is comparable
to the estimated grain size in the sample. For the experimental run from which (c) is taken, the junction resistance was roughly 10
while the subgap at 0.55 K was
10 Q. We should therefore see additional leakage current
when one part in 10 of the film has become normal. Using a typical coherence length value of 100 A, this would
occur at about 1 —10 s in a uniform film. No apprecia-

ble subgap conductance was observed, even at much
higher fields. Given the high field tunneling data and the
good agreement with predictions of the theory in this regime, the results are roughly what would be expected
from measurements on an isolated small superconducting
grain. Control of the grain size offers the possibility of a
transition. We
study of the three- to zero-dimensional
are pursuing this possibility.
In summary, we have performed tunneling measurements on granular quench-condensed
Pb films on both
sides of the insulator-superconductor
transition. We conclude that throughout
this transition, the individual
grains are good superconductors, with near bulk values
for T, and b, . In high magnetic fields, the tunneling data
show no evidence of vortex cores, the magnetic field is
uniformly distributed inside the superconductor, and the
density of states is broadened due to spin-flip scattering.
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